Purpose: Salvinorin A (SA) is a potent and highly selective kappa-opioid receptor (KOR) agonist with rapid kinetics and commensurate behavioral effects; however, brain regions associated with these effects have not been determined. Procedures: Freely moving adult male rats were given SA intraperitoneally during uptake and trapping of the brain metabolic radiotracer, 2-deoxy-2-[F-18]fluoro-D-glucose (FDG), followed by image acquisition in a dedicated animal positron emission tomography (PET) system. Age-matched control animals received vehicle treatment. Animal behavior during FDG uptake was recorded digitally and later analyzed for locomotion. Group differences in regional FDG uptake normalized to whole brain were determined using Statistical Parametric Mapping (SPM) and verified by region of interest (ROI) analysis. Results: SA-treated animals demonstrated significant increases in FDG uptake compared to controls in several brain regions associated with the distribution of KOR such as the periaqueductal grey, bed nucleus of the stria terminalis and the cerebellar vermis, as well as in the hypothalamus. Significant bilateral activations were also observed in the auditory, sensory, and frontal cortices. Regional decreases in metabolic demand were observed bilaterally in the dorsolateral striatum and hippocampus. Locomotor activity did not differ between SA and vehicle during FDG uptake. Conclusions: We have provided the first extensive maps of cerebral metabolic activation due to the potent κ-opioid agonist, salvinorin A. A major finding from our small animal PET studies using FDG was that neural circuits affected by SA may not be limited to direct activation or inhibition of kappa-receptor-expressing cells. Instead, salvinorin A may trigger brain circuits that mediate the effects of the drug on cognition, mood, fear and anxiety, and motor output.
Introduction
O pioid receptor ligands have a rich pharmacology, both beneficial and adverse, often controlling human perceptions of nociception, stress, and danger. Agonists acting at any of the three main classes of opioid receptors (μ, κ, or δ) throughout the central nervous system can cause analgesia and are thus used clinically in pain management [1, 2] . In addition, due to their ability to modulate neurotransmitter release, causing euphoria or dysphoria, opioid ligands have gained attention in the management of mood disorders including depression [3, 4] . Of the three main classes, κ-opioid receptor (KOR) agonists appear to exhibit robust Electronic supplementary material The online version of this article (doi:10.1007/s11307-008-0192-x) contains supplementary material, which is available to authorized users.
Significance: Salvinorin A is the major psychoactive compound from Salvia divinorum and is a potent kappa-opioid receptor agonist. Owing to its hallucinogenic properties, abuse liability, and medicinal potential as a kappa-agonist there has been a growing effort to characterize its physiological effects in rodents. Our manuscript describes our efforts to further inform how salvinorin A leads to behavioral (and physiological) changes in rodents. We have determined the regional differences (relative to controls) in glucose utilization in the brains of freely behaving rats after acute administration of salvinorin A. Using FDG, we have mapped brain regions that are activated or deactivated as a result of the kappa agonist. We feel there will be an increasing need to systematically understand how affinity, pharmacokinetics, and distribution influence behavior through regional changes in brain activation. Our studies highlight the potential of FDG with small animal PET to accomplish this.
analgesia with lower abuse potential [5, 8] . Consequently, there have been many research efforts focused on developing selective KOR agonists not only for medicinal uses, but also to study the KOR itself.
One of the most selective KOR agonists known to date comes from nature. Salvinorin A (SA), isolated from Salvia divinorum, and many of its semi-synthetic derivatives have proved to be valuable tools to study the KOR system. Several reports have shown the in vivo study of SA, a potent and highly selective κ-opioid agonist [9] , may provide insight into the role of KORs in mediating both pain and mood [10] . These studies have interrogated the physiological and behavioral effects of SA, which has been increasingly used as a legal hallucinogen [11] . While extremely low doses of SA may be rewarding [12, 13] , doses above 0.1 mg/ kg (i.p.) caused conditioned place aversion in rodents and decreased extracellular dopamine in the striatum, consistent with the effects of other κ-agonists [14, 15] . In addition, acute administration of SA increased the occurrence of immobility in the forced swim test and the threshold for intracranial self-stimulation [16, 17] . The antinociceptive and sedative effects of SA were demonstrated in mice by observing latency in the radiant heat tail flick assay [18, 19] , decreased locomotion [14] , impaired climbing behavior [20] , and abdominal constriction test [21] .
The pharmacological effects of SA appear to be highly specific to the κ-opioid receptor as proposed by in vitro studies [9] . This has been supported by successful blockade of physiological and behavioral effects in vivo with KOR antagonists, the use of KOR knockout mice [19] , and KOR discriminatory tests [22] . Of course, binding at the initial site of action (i.e., the KOR) leads to many physiological changes in the brain, notable for example in decreases in striatal dopamine. The downstream effects of SA on brain function (i.e., changes secondary to neuron firing) are largely unknown. With the goal of associating brain regions and perhaps neuronal circuits involved in SAmediated effects, we have examined regional changes in 2-deoxy-2-[F-18]-fluoro-D-glucose (FDG) uptake in the rat brain. Using this technique, the current study provides the first extensive maps of cerebral metabolic activation together with behavior in response to SA in freely moving adult rats.
Materials and Methods

Animals
All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the BNL Institutional Animal Care and Use Committee. Twenty male Sprague-Dawley rats (7-8 weeks old, Taconic Farms) were used for this study.
Paired animals were housed in cages and were maintained on a 12:12 light/dark cycle with free access to food and water. Three days prior to imaging, animals were individually housed. A group of ten animals served as the control (vehicle only) and the remaining ten animals were given salvinorin A. All 20 animals received FDG. Data collected from 19 of the 20 animals was used (as one animal died as a result of anesthesia).
Materials
Salvinorin A was extracted and purified from dried leaves of Salvia divinorum (Bouncing Bear Botanicals) as previously described [23] . Salvinorin A used for animal studies was recrystallized from absolute ethanol until its purity was greater that 99.5% as determined by 1 H NMR and C18 HPLC (monitored at 214 nm). Anesthesia was induced using a mixture of ketamine and xylazine (both from Fort Dodge, Fort Dodge, IA, USA) as intraperitoneal injections of 50 mg/kg ketamine with 5 mg/kg xylazine. FDG was prepared at Brookhaven National Laboratory from [ 18 F]fluoride using a Bioscan® synthesis unit.
Protocol
On the day before the study, animals were weighed (285±14 g), placed in a clean (home) cage and transported to the positron emission tomography (PET) facility. Animals arrived at the facility approximately 16 h prior to scanning to habituate to their environment and were deprived of access to food 6 h prior to scanning to stabilize plasma glucose, as well as to prevent interference with anesthesia, which was administered after the uptake period but prior to scanning. The experimental timeline for each subject is outlined in Fig. 1 . Salvinorin A or vehicle (2.0 mg/ kg in DMSO) and FDG (1.04±0.14 mCi, 0.5 mL in saline) were administered intraperitoneally.
Locomotion
Animal behavior was recorded digitally during the FDG uptake period (i.e., from 12 min post injection of SA to 60 min post injection). The video data were analyzed using TopScan® "Topview Animal Behavior Analyzing System" (Clever Sys., Inc.). Animal tracking data (locomotion) were binned in three 12-min intervals. Data for the first 5 min (i.e., 12-17 min post-SA injection) were also binned for separate comparison. Video data from nine of the animals (five DMSO control animals and four SAinjected animals) were not used due to image file corruption. Locomotion (i.e., distance traveled per binned time) for the two groups (DMSO control, n=5; SA, n=6) was compared by means of a two tailed T-test.
Image Acquisition
Each FDG-PET scan included subtraction of random coincidences collected in a delayed time window. Three dimensional (3D) sinograms were converted into 2D sinograms before image reconstruction. This was done with the process of Fourier rebinning. After Fourier rebinning, images were reconstructed by 2D-filtered back projection using a ramp filter with cutoff at one-half the Nyquist criteria (maximum sampling frequency). Data were corrected for photon scatter using the method of tailfitting of the projections [24] . At the time of these studies, the measured attenuation correction method available for this system used a 68 Ge point source and contributed a degree of noise to the transmission scans [24] . Therefore, attenuation correction was not applied. In general, attenuation correction factors are constant over time and should similarly influence all data. Scatter-corrected sinograms were reconstructed using an iterative maximum likelihood expectation maximization (MLEM) algorithm, which with the 20 iterations employed here yields an image resolution of ∼1.5 mm FWHM (Full Width at Half Maximum) at the center of the field of view. The image pixel size in MLEM reconstructed images was 0.4 mm transaxially with a 1.21 mm slice thickness. Regions of Interest (ROIs) were drawn on MLEM reconstructed images for estimation of regional FDG uptake.
Post Acquisition Processing
To compare data across subjects, each PET scan was transformed into the same coordinate system using standard analysis methodology developed for human functional imaging experiments. A crucial aspect of whole brain inter-subject comparisons is to obtain an accurate fit of the brains from all subjects into the same coordinate space, such that each brain structure resides in the same location for all subjects. A multi-stage process was used to create a study-specific PET template and then spatially preprocess and spatially normalize each PET scan to the FDG-PET template. Creation of the template has been described elsewhere [25] . Regions of interest were identified in Paxinos and Watson stereotaxic space [26] , and an ROI template was developed and implemented using Pixelwise Modeling software (PMOD; http:// www.pmod.com) [27] .
To facilitate inter-subject comparisons, each image was given the same mean value by applying a global scale factor to each scan. Global scale factors were determined by adjusting the mean based on a whole brain ROI that excluded regions outside the brain.
Spatial Preprocessing
PET images from each subject were initially matched to the template space manually, which included a shift, a rotation, a zoom, and a perspective transformation in each of the three dimensions (x, y, and z) to match the location and bounding box of the template brain [28] . This transformation matched the size, location, and orientation of each individual brain to that of the PET template. These images were coregistered to each other and to the non-skull stripped PET template using the normalized mutual information algorithm implemented with the SPM2 software package. Coregistered images were then skull stripped and smoothed with a 4-mm FWHM Gaussian filter. The masked or skull stripped images were then coregistered and normalized to the FDG template using the same parameters described for creating the template [25] . Each step of the spatial pre-processing was manually verified and final images were investigated in detail.
Statistical Design and Analysis in SPM
Next, to ensure that only voxels mapping cerebral tissue were included in the analysis, voxels for each brain failing to reach a specified threshold were masked out to eliminate the background and ventricular spaces. We set the default threshold to 80% of the mean voxel value inside the brain. To examine regional brain differences between control animals and those given SA, an image contrast analysis was performed where the difference between the two groups of scans was calculated and represented in threedimensional space by a map of the t-statistic. SPM t-maps represent spatially extended statistical results, which were used to identify regionally specific differences in the imaging data. Small volume correction was applied post hoc in SPM to determine the significance of region by sampling from a sphere of 1 mm around the most significant voxel in each cluster.
Results and Discussion
Previously, we demonstrated that [ 11 C]-salvinorin A, given intravenously in non-human primates, rapidly enters the brain, distributes in a high concentration to the cerebellum and throughout the cortex, but persists in the brain for only minutes [29] . Indeed, we found that a similar distribution occurred in the rat brain with even faster kinetics such that binding was difficult to discriminate from blood flow (time to peak, 20 s; half life from peak, 180 s). Clearly, the pharmacological duration of action of SA and its unique abuse liability as a KOR agonist directly correlate with its kinetics, but so far the kinetics and distribution provide limited insight into the behavioral effects seen in rodents.
To examine the effects of SA on regional brain function, we investigated regional brain metabolic changes in rodents given an acute dose of SA (2.0 mg/kg i.p. in DMSO). Control animals were given vehicle injections of DMSO using an identical protocol. By imaging the rodent brain with small animal positron emission tomography (mPET) after administration of SA and FDG, regional drug-dependent differences were determined. Patterns of change in FDG uptake associated with drug administration give a measure of the downstream effects of drug action. Regional patterns of activation and deactivation in response to an acute drug challenge can be used to identify a metabolic 'signature' comprised of relevant regions of the brain for different compounds within the same chemical class, or different chemical classes. Many SA behavioral paradigms in the literature have pointed to depression, antinociception, and decreased locomotion as prominent effects of SA administration. We anticipate that combining these behavioral observations with information about discrete metabolic changes in the rat brain when exposed to SA (reported herein), will offer a more complete understanding of the pharmacological properties of this potent and selective KOR agonist.
Our experimental design was guided by behavioral and physiological data in the literature [14, 16, 17] . In rodents, SA (i.p.) quite consistently reached its maximum effect between 20 and 40 min, as measured through behavioral challenge or dopamine change measure via microdialysis. Thus, we designed our experimental protocol to allow for Table 1 .
maximal FDG uptake during this period, Fig. 1 . After administering SA (2.0 mg/kg i.p.) or vehicle only (0.1 mL DMSO), each animal was returned to its home-cage for 12 min. Following this, FDG (nominally 1.0 mCi, i.p.) was given. FDG administered in this manner reaches a maximum concentration in the brain in 10-15 min, which corresponds to 22-27 min post administration of SA [27] . Thus, using this timeline, the peak of FDG uptake into the brain was timed to coincide with of that of SA. Animals were allowed to behave freely until 1 h post-SA administration at which time they were anesthetized with ketamine/xylazine. Each animal's locomotion was recorded during the FDG uptake period (i.e., 12-60 min post-SA injection). Analysis of locomotion data indicated no statistically significant difference between the two groups of animals (all analyzed time bins, P90.3). While a single acute dose did not have an effect on locomotion, in subsequent experiments we observed locomotion changes after multiple acute doses (see electronic supplementary material).
After imaging and data processing (see details in methods), groups of images (SA, n=9; vehicle, n=10) were compared using statistical parametric mapping (SPM). Using a statistical tolerance of P G0.05, t-map images were generated and superimposed on a MRI template of the rat [28] , all in stereotaxic space. Representative two-dimensional images from this three-dimensional data set are shown in Fig. 2 .
The data were interrogated at the cluster level and assigned to a structural region. The percent change (either increase or decrease) in FDG uptake for the group of SA images relative to DMSO controls was determined using a spherical region of interest of 2.5 mm diameter surrounding the voxel of greatest intensity (i.e., highest statistical significance) within each cluster. This ensured minimal overlap in cluster analysis. The results of SPM and subsequent analysis are summarized in Table 1 .
All of the data showed striking symmetric bilaterally suggesting a high degree of fidelity. The absolute magnitude of change may be masked by using a whole brain normalization, which eliminates differences in absolute FDG uptake, but nonetheless the regional interrogation and results can be used for hypothesis driven behavioral research on SA and its derivatives in the future.
As might be expected, several regions with high KOR density did indeed show increased FDG uptake. Of particular note, the periaqueductal gray (PAG), showed increased metabolic activity (Fig. 2a, white arrow) . This cerebral duct within the midbrain has a very high density of KOR and has been repeatedly correlated with modulation of pain, as well as in defensive behavior and fear conditioning [30] . Activation of KORs in the dorsal PAG has also been linked with defensive behavior in rats tested in the elevated plus maze [31] . We also observed significant bilateral activation of the bed nucleus of the stria terminalis (BNST; Significance is shown for clusters exceeding 100 contiguous voxels after correction for Small Volumes (SVC), performed for each region using a 1-mm diameter sphere around the pixel of greatest change. Coordinates are given in Paxinos and Watson stereotaxic space [26] , Coordinates are given for the voxel with the greatest significance within a cluster. Fig. 2b , orange arrows), a region with high density of KOR (Mansour et al. 1996) . In addition, the vermis of the cerebellum was highly activated. This region has recently been ascribed the function of proprioception in animals although it is unclear whether activation would impair or enhance spatial awareness [32] . Regional differences in FDG uptake were not limited to brain regions associated with a high density of KOR. Significant bilateral activations were also observed in regions which have little or no KORs, such as the hypothalamus, auditory, sensory and frontal cortices (Fig. 2) . Relative increases in FDG uptake were also observed unilaterally in the left ventral pallidum and right lateral geniculate nuclei. These regional differences may reflect neuronal activity downstream from the changes in neural activity at sites with high KOR density, as well as the subsequent recruitment of additional brain regions.
Bilateral metabolic decreases were observed in the caudate putamen, superior colliculus, hippocampus, and medial brainstem (Fig. 2, blue regions) . These results show that the metabolic response to SA goes well beyond the immediate KOR effects and involve a larger activation of neuronal circuits projecting from the primary KOR sites to functionally and anatomically related regions of the brain. For instance, decreases in metabolism may result from activation of inhibitory neurons projecting to these regions. With only a map of relative local glucose utilization, distinguishing between changes resulting from local cellular interactions and those that are inter-neuron mediated is not possible. For a review on the role of inhibitory inter-neurons on the brain's energy consumptions, see Buzsáki et al. [33] .
Here, we show localized changes in brain activity resulting from an acute challenge of SA that are specific and extend beyond its initial site of action. Although we can only speculate at this point on the relationship of activation or deactivation of particular brain regions to behavior, we feel these data may provide a basis for interrogating the effects of SA in rodents in the future. Identification of brain regions demonstrating changes in neural activation in response to SA may inform the design of future analogs of SA and may provide an experimental platform for simultaneous testing of the pharmacodynamic and behavioral effects of these new compounds in the same animal. For example, structural manipulations of SA, in vitro structureactivity relationships, and an understanding of molecular interactions can lead to more potent and longer-lasting drugs [34] [35] [36] [37] . The impact of these developments, both physiologically and behaviorally, can be marked [38] . We feel there will be an increasing need to systematically understand how affinity, pharmacokinetics, and distribution influence behavior through regional changes in brain activation. Our studies highlight the potential of FDG with small animal PET to accomplish this.
Finally, it is worth noting that the route of SA administration (i.p.) may have a prevailing impact on pharmacodynamics and behavior in animals as noted in the human experience [39] . We are currently investigating how the route of administration (and therefore SA pharmacokinetics) effects brain glucose utilization as well as probing the effects of other SA derivatives that exhibit longer last effects.
Conclusion
By investigating the effects of salvinorin A on local glucose utilization in the rat brain, we have provided the first extensive maps of cerebral metabolic activation due to this potent κ-opioid agonist. A major finding from our small animal PET studies using FDG were that neural circuits affected by SA could be observed in the absence of any observable behavioral effects. The neural circuits that we have identified through this study include regions known to have high κ-opioid receptor density as well as in functionally related brain regions with known anatomical connections. This would suggest that important data lie in our examination of distributed changes in brain metabolism in various relevant regions of the brain. Future studies combining behavioral paradigms with cerebral metabolic mapping are aimed at further elucidating the effects of SA in the rodent brain. Moreover, analogous studies with new and more potent SA derivatives may point to potential KOR therapeutic agents and will increase our understanding of their effects on pain and depression.
